Thromboelastography (TEG) is a novel viscoelastic method which provides a comprehensive assessment of hemostasis from clot initiation and development to fibrinolysis involving both cellular and plasmatic components of hemostatic system. Apart from surgery its role is expanding into medical specialties with increasing integration into laboratory settings. TEG complements the conventional coagulation tests in assessment of bleeding disorders. Further hemotherapy based on TEG results has been shown to reduce transfusion requirements in varied clinical settings besides helping in identifying coagulopathies in patients with major bleedings. This review article addresses briefly the methodology, clinical applications, interpretation of TEG results including authors' own experience of TEG in different clinical scenarios and limitations of TEG. Overall, this technique seems to be helpful for evaluation of hypercoagulable state and in detecting fibrinolysis which are difficult to be detected with conventional coagulation tests. Kaolin activated citrated blood samples analyzed within 30-60 min of sampling can provide reliable results in a laboratory setting. However, multiple assays using different activators or modifiers may be required for accurate results in selected cases. The operator should be aware about the various preanalytical and analytical variables which can affect the results including limitations of this technique. The tracing of the thromboelastography should be interpreted cautiously taking into consideration the clinical picture of the patient and results of other laboratory tests. With improved model and availability of more assays it is hoped that TEG and other such hemostasis analyzers would bring in the paradigm shift in the hemostasis monitoring and treatment of patients in future.
Introduction
H emostasis is a complex dynamic process involving bleeding and thrombosis as two extreme ends. Traditionally, plasma-based coagulation assays, namely prothrombin time (PT) and the activated partial thromboplastin time (APTT) and other laboratory tests are utilized to assess hemostasis which provide little information about the dynamics of the clot formation or the quality of clot. However, with our better understanding about cell-based model of coagulation as opposed to separate intrinsic and extrinsic coagulation pathways, focus is gradually shifting from these conventional coagulation assays which work in isolation. [1] GmbH, Munich, Germany); and Sonoclot ® (Sienco Inc., CO, USA). The methodology and principle of these three devices are slightly different with respect to each other; however, all these instruments are used to assess hemostasis and guide hemotherapy in varied clinical settings.
This review article addresses briefly the methodology, clinical applications, interpretation of TEG results including authors' own experience of TEG in different clinical scenarios, and limitations of TEG. This hemostasis monitoring device has been used mostly by the anesthesiologists worldwide as a POC test in the operating theater (OT); however, it is now becoming increasingly popular with transfusion medicine specialty as a part of laboratory coagulation testing. [2] Historically, it was Hartert in 1948 from Germany who first described the principle of TEG by measuring shear elastic modulus during clot formation in whole blood samples. [3] The term "Coaguloelastograph" has been proposed for Hartert's device as the word thrombus is reserved for an in vivo clot. [4, 5] However, this device was not used in routine clinical settings until two decades ago due to technical and operational limitations, thus limiting its role as a research tool at most centers. With technical refinements in successive models coupled with the good number of research publications, recently a renewed interest in TEG has been shown worldwide as a rapid hemostasis analyzer capable of providing almost real-time monitoring of coagulation process.
Methodology
TEG is designed to measures the clot's physical property under low shear conditions using a cylindrical cup that holds the blood sample and oscillates through an angle of 4° 45' with each rotation cycle lasting 10 s. A pin connected to a torsion wire is suspended within a blood-filled cup. When clotting ensues, the formation of fibrin-platelet bonds between the wall of the cup and the pin causes an increased movement of the pin which is converted by a mechanical-electrical transducer to an electrical signal monitored by a computer displaying a graphical output over time. For laboratory-based TEG analysis, the sample required is 340 µL of sodium-citrated whole blood along with 20 µL of 0.2 mol/L of CaCl 2 , and test is required to be run within 30 min to maximum 2 h after sample collection (preferably within 1 h of sample collection). Whereas 360 µL of whole blood without anticoagulant is used for native sample in POC testing as in OT and time to test is within 4-6 min of phlebotomy. [6] While whole blood is used mainly for thromboelastography in clinical practice, however, platelet-rich plasma or platelet-poor plasma samples can also be run on this analyzer. [7] Usually, kaolin is used as an activator of coagulation (intrinsic pathway of clotting cascade) in the standard TEG, whereas tissue factor is utilized as an activator for extrinsic pathway in addition to kaolin for rapid analysis of hemostasis (rapid-TEG). Figure 1a and b shows the TEG analyzer along with two types of cups -clear (plain) and blue (heparinase), the latter is used if sample contains heparin. Furthermore, to assess the contribution of fibrinogen and platelets in the clot strength "functional fibrinogen assay" is now available. [8] Table 1 shows the various assays currently available with TEG. Moreover, with the recent development, the newer model of TEG (6s) has been introduced which works with cartridge system without the complicated test preparation process unlike the present model (TEG ® 5000) which utilizes cups [ Figure 1c ]. [9] Important parameters of thromboelastography tracing A normal TEG tracing along with main parameters is shown with quantitative and qualitative data in Figure 2 . Importantly, R, K, Angle, maximum amplitude (MA), coagulation index (CI), and LY30 values are described besides other less commonly used parameters. • R value is time (in min) from the beginning of the trace until amplitude of 2 mm is reached. This denotes the time taken from the placement of the blood sample in the cup until the significant level of clot formation. A prolonged value represents a deficiency in coagulation factors, effects of heparin, and/or hemodilution. The treatment with fresh frozen plasma is advisable depending on the clinical picture. Conversely, a shortening in the R value (<2 min) would indicate a hypercoagulable picture • K is the time (in min) from the end of R until a fixed level of clot firmness is reached, i.e., amplitude In addition to above parameters, G is often used as the actual measure of clot firmness (shear elastic modulus strength) and is measured in dyne/cm 2 . G increases exponentially in proportion to the amplitude of the tracing. Estimated percent lysis (EPL) is also used besides LY30 to evaluate clot lysis which gives an idea about the percent lysis at 30 min after MA. The normal value of EPL is 0%-15%. Apart from these variables, other lesser used parameters describing thrombus formation and lysis are also generated known as velocity (first derivative) parameters, namely, maximum rate of thrombus generation (TG), time to maximum rate of TG, total TG, and time to maximum rate of lysis. Thus, all these parameters are used to assess the kinetics, strength, and stability of a coagulum in the whole blood sample.
TEG results are affected by sample characteristics, use of activators, and sample handling procedures. [6, 10, 11] Johansson et al. have supported the routine use of TEG in the laboratory setting by demonstrating an acceptable technical day-to-day and intra-assay variation. [12] Further, authors recommended immediate analysis of sample based on their results, wherein storage of citrated sample for up to 30 min did not, except for R, affect clot formation variables. The normal values of TEG differ between the coagulated and anticoagulated blood samples leading to divergent results. The normal ranges for each parameter may differ between arterial and venous blood samples. [13] Gender, age, alcohol, and ethnicity have also been observed to affect the TEG parameters. [6] The normal values of TEG provided by the manufacturer using recalcified citrated blood for laboratory-based TEG analysis have been shown in Table 2 .
Comparison of thromboelastography to conventional coagulation tests in clinical settings
The PT and APTT assess only initial plasmatic events in hemostasis, and they correspond to R time of TEG which is the end point of these conventional coagulation assays. Whereas TEG has multiple end points and each parameter of TEG represents a different aspect of physical properties of the clot. The shape of the tracing allows overall qualitative assessment of hemostatic profile. Thus, TEG can overcome several limitations of routine coagulation tests. Inconsistent data are observed in literature on comparing TEG with conventional coagulation tests. A weak correlation for R with PT and APTT has been found which is ascribed to different preanalytic factors and different specimens used. [14] The R time has been observed to be more sensitive to coagulation factor deficiencies or the presence of heparin as compared to PT/APTT. [15] Another study found that the agreement between two methods of tests for hypocoagulation was 100%, but the agreement with the overall TEG analysis was poor with a sensitivity of 33% and a specificity of 95%. [16] Similarly, Pekelharing et al. in a study on 107 pediatric patients observed that TEG did not show a better correlation with postoperative bleeding than conventional clotting tests. However, MA was found to be correlated with platelet count and fibrinogen. [17] Furthermore, in a recent study by Gatt et al., MA showed an excellent correlation with the platelet count (r = 0.91, P < 0.0001). [18] Here, MA was reduced in the majority of cases of hematological malignancies although 25% still had normal values despite platelet counts <20 × 10 9 /L. The authors proposed that as TEG is a global coagulation assay, it is affected by all other blood components that could compensate for thrombocytopenia. MA values were also found to be increased after platelet transfusions as observed by the authors. The strong correlation of platelet count with MA may partly be explained by the fact that low platelet count primarily affects MA; however, platelets also affect the initiation phase of plasmatic coagulation (R, K) as well as the speed of thrombin generation (α). [19] 
Applications
In the early 1980s, the TEG was used for hemostatic monitoring during liver transplant surgery. [20] Over the years, use of TEG has been expanded in a diverse group of clinical settings including other solid organ transplantations, cardiac surgery, neurosurgery, obstetric, and trauma. Apart from surgical settings, its use has spread into medical branches also as a useful laboratory tool to monitor the balance of hemostasis, for example, in patients with chronic liver disease and patients admitted in intensive care unit [ Table 3 ]. TEG has been used for monitoring heparin therapy in patients on heparin. Besides, it has also been used for monitoring recombinant FVIIa therapy in hemophilia patients with inhibitor and in predicting the severity of bleeding symptoms in hemophilia patients. [21] 
Liver transplantation
The ideal applications of TEG are in the patients undergoing liver transplant surgery (particularly orthotopic liver transplantation [OLT]), trauma, and cardiac surgery who have propensity toward major disturbances in hemostasis and TEG can rapidly and reliably detect hypocoagulable, thrombotic, and fibrinolytic states.
Derangement in hemostasis during OLT is due to multifactorial causes including preoperative (coagulopathy) and perioperative factors associated with different phases of transplant surgery. [22] Impaired hemostasis during the anhepatic phase and immediately after reperfusion, wherein hyperfibrinolysis resulting from the accumulation of tissue plasminogen activator due to inadequate hepatic clearance and a release of exogenous heparin and endogenous heparinoids makes TEG highly desirable device. [22, 23] The new graft starts to function within 1 h of reperfusion with a decrease in fibrinolysis. [24] Persistent coagulopathy indicates poorly functioning liver graft, whereas an improved TEG tracing is one of the surrogate markers of a functional graft [ Figure 3 ]. Platelet count decreases after graft reperfusion and during postoperative period which usually takes up to 2 weeks to recover. [25] TEG can differentiate between bleeding due to surgical etiology or bleeding arising from a hemostatic abnormality as in the former the TEG is normal. Moreover, a surgeon may also avoid the empirical transfusion of blood products in cases where normal TEG tracings are obtained. Further, TEG has been used to predict the need for antifibrinolytic therapy in patients receiving liver transplant [26] and to rationalize the usage of blood components. [27] Apart from bleeding diathesis, thrombotic complications occurring postoperatively can be detected by TEG. [28] A laboratory-based TEG analysis is possible even for liver transplant surgery, and TEG-based hemotherapy can also be provided with rapid turnaround. The authors follow serial monitoring of TEG in a liver transplant recipient by analyzing citrated blood samples at following points of time: at initial consultation, at induction of anesthesia; 60 min after induction; 5 min before anhepatic stage; 10 min into anhepatic; 5 min before reperfusion stage; 30 min after reperfusion; and 60-90 min after reperfusion, end of surgery, and postoperative day 1 and 3 (as indicated). Of note, results of conventional coagulation and other diagnostic tests should also be available to make any clinical decision.
TEG monitoring is also useful for donors of liver as in living donor liver transplantation (LDLT) as shown by Cerutti et al. who observed hypercoagulability in the majority of the participants after hepatectomy for LDLT. [28] TEG monitoring could be useful in the perioperative management of liver donors to guide antithrombotic treatment and increase the safety of the procedure. In a systematic review, TEG has been found to offer particular advantages for liver surgery patient population, by allowing more timely and potentially more accurate decisions resulting into better clinical outcomes including mortality. [29] 
Cardiovascular surgery
Patients undergoing cardiac surgery also have impaired hemostatic balance due to their intrinsic disease state, antiplatelet therapy, and the acquired coagulation disturbances induced by cardiopulmonary bypass (CPB). Increased fibrinolysis is seen in patients who undergo CPB due to endothelial activation and the action of tissue plasminogen activator. [30] Heparin is given during surgery to inhibit clotting of the bypass circuit followed by reversal with protamine after surgical hemostasis. The activated clotting time is the most commonly used test for monitoring heparin anticoagulation during CPB which is affected by many variables. [31] Analysis of blood sample with heparinase enables the TEG to show developing coagulation abnormalities while fully heparinized or the need for more protamine when reversing heparin after CPB. To predict bleeding after cardiac surgery, kaolin-activated TEG was demonstrated to be more useful than nonkaolin activated. [32] However, studies evaluating the role of TEG as a predictor of excessive bleeding after CPB show conflicting reports, with some studies do not favor its usefulness [33, 34] while others support its use. [35, 36] It is noteworthy that in large retrospective and prospective studies, incorporation of the transfusion algorithms based on TEG into clinical decision-making has resulted in decreased blood loss and transfusions. [36] [37] [38] On comparing the cost-effectiveness, a systematic review indicated that viscoelastic testing was cost saving and more effective than conventional laboratory testing. However, the same study did not find any improvement in clinical outcomes or length of hospital stay for cardiac surgery patients managed using such tests. [39] Trauma Uncontrolled hemorrhage accounts for about 40% of early mortality in trauma, more so in patients who have a coagulopathy on arrival to the hospital. [40] Therefore, early recognition of the acute coagulopathy of trauma is important, and TEG has been found useful in the identification and treatment of this condition. [41] TEG has been emerging as the standard of care in the management of trauma patients as it has characteristics of an ideal coagulation test for use in early trauma resuscitation. [42] [43] [44] [45] [46] Trauma is one of the areas where TEG should possibly be used as a POC test rather than laboratory-based test as rapidity to obtain results is of prime importance in such situations. In a study on trauma patients, a hypocoagulable status on TEG was reported to be the strongest predictor of any blood component transfusion. [43] Similarly, the presence of hyperfibrinolysis was the strongest predictor of mortality. [47, 48] These findings prompted the Clinical Randomization of an Antifibrinolytic in Significant Hemorrhage trial to support the potential benefit of empirical antifibrinolytic therapy in injured patients. [49] Contrary to these reports of excessive fibrinolysis (bleeding) in trauma, more recent studies have reported fibrinolysis shutdown (organ failure) as a more common response to injury. [50] TEG has been used to predict early transfusion requirements of trauma patients. [51] Tissue factor-activated TEG (rapid TEG) was found useful as an early hemostasis analyzer in trauma patients with suspected coagulopathies. [52] Furthermore, TEG has been found to be more sensitive than conventional coagulation tests in detecting hypercoagulable states in trauma patients. [42, 53] Similar to cardiac surgery, transfusion algorithms for trauma have recently been proposed. [54, 55] Evaluation of hypercoagulable and fibrinolytic states by thromboelastography TEG has been reported to be useful in identifying thrombotic (hypercoagulable) conditions and hyperfibrinolysis or premature clot lysis states which are difficult to be identified by plasma-based coagulation assays. [56] 
Hypercoagulable states
Major surgery has been implicated to induce a hypercoagulable state in the postoperative period, leading to the development of postoperative thrombotic complications including deep vein thrombosis, pulmonary embolism, myocardial infarction, and vascular graft thrombosis. [57, 58] Similarly, hypercoagulable state may occur in pregnancy, cancer, sepsis, prolonged immobilization, nephrotic syndrome, hyperviscosity syndromes, vasculitis, and many other hematological abnormalities. [58] [59] [60] Identifying hypercoagulability with conventional laboratory tests is difficult unless the platelet count or fibrinogen level is very high. [46] Shortening of PT/APTT is rare and is often ascribed to sampling errors. [61] TEG has been found useful in assessing coagulation status, including prothrombotic stage in critically ill patients. [60, 62, 63] There is some evidence to suggest that increased MA may predict postoperative thrombotic complications as MA is mostly dependent on platelet function and fibrinogen concentration.
Thus, TEG analysis of patients without a history of thromboembolic complications can detect deranged coagulation parameters [ Figure 4 ]. It is postulated that surgery, sepsis, and other pro-inflammatory states increase platelet adhesiveness and decrease fibrinolysis, resulting in a prothrombotic state. [64, 65] Investigators have reported that existing global assays have a potential to be an important tool of hypercoagulation diagnostics for both physiological and pathological hypercoagulable states. [61, 66] 
Hyperfibrinolysis
The conventional diagnostic tests for fibrinolytic system notably clot lysis time, euglobulin lysis time, d-dimer, and fibrin degradation products assays are cumbersome and time consuming. LY30/ELT on TEG can provide useful information regarding the increased fibrinolysis. Hyperfibrinolysis should be differentiated from clot retraction as both these conditions present with LY30 >8%. A smooth decrease of the amplitude is observed after reaching MA when fibrinolysis takes place in the sample, whereas there is a sudden fall of amplitude due to loss of adhesion of the clot to the cup in clot retraction. [67] This clot retraction is usually associated with high platelet count. [68] Similarly, it is important to differentiate between secondary fibrinolysis and primary fibrinolysis. is a physiological response of the body as fibrinolytic activation prevents permanent end-organ damage as a result of microvascular fibrin deposition unlike pathological response in primary hyperfibrinolysis where antifibrinolytic therapy is indicated. [69] . CI and LY30 parameters are used to differentiate between primary and secondary hyperfibrinolysis [ Figure 5 ]. In the former, CI is <−3 and LY30 is >8% while latter usually presents with CI >+3 and LY 30 >8%. [7] In overt DIC, a severe hypocoagulable tracing on TEG is present [ Figure 6 ].
Thromboelastography in quality control of platelets and plasma
Of late, TEG has been used for a functional quality check of blood components. [70, 71] In a study, authors demonstrated that TEG was able to monitor the hemostatic effects of platelet transfusion with comparable hemostatic properties of transfused stored platelets compared to native circulating platelets. [67] In terms of hemostasis, TEG analysis on PRP sample produces the tracing which is broadly similar to whole blood TEG tracing. Platelets have the major influence on clot strength, and the MA is significantly altered by changes in platelet number or function. However, its integration into blood banking to assess the quality of blood products will take time.
Monitoring antiplatelet therapy by Platelet Mapping
Platelet mapping which is an extension of TEG technology, in addition to providing information on clot formation and lysis of whole blood samples, quantifies the contribution of fibrin, adenosine diphosphate (ADP) receptor, and thromboxane A2 (TxA2) receptor in clot strength. [72] The citrated and heparinized blood samples of a patient are used with the platelet mapping kits. The TEG platelet mapping assay measures the percent platelet inhibition relative to the individual's maximum uninhibited platelet function. This information allows monitoring of effectiveness of antiplatelet medications, for example, aspirin and clopidogrel, through inhibition of TxA2 and ADP receptors.
As illustrated in Figure 7 apart from MA-thrombin (maximum possible clot strength), it also measures MA-fibrin (clot strength by fibrin alone), MA-ADP (clot strength under ADP receptor inhibition by clopidogrel), MA-AA (clot strength under TxA2 receptor inhibition by aspirin), and thereafter the percentage (%) platelet inhibition is calculated. Thus, platelet mapping measures platelet inhibition along with total platelet function as a reference point, thereby assessing the effect of antiplatelet agents more objectively.
The existence of a high level of individual variability in platelet responsiveness to antiplatelet therapy and on-treatment platelet reactivity have been confirmed in the majority of clinical studies examining antiplatelet therapy efficacy in patients undergoing percutaneous coronary intervention. [73] This POC test was found to be well correlated with the gold standard optical aggregometry. [74] The readers can refer to published literature for detailed information about the platelet mapping. [75] [76] [77] There is an evidence of baseline inhibition of platelet receptors in patients not taking any antiplatelet medications with mean TxA2 receptor inhibition of 1.2% (range 0%-10%) and ADP receptor inhibition of 18.6% (0%-58%). [77] This can potentially lead to clinically significant overestimation of ADP and AA inhibition. Nonetheless, the method has been shown to be reliable with low analytical variation. [77] However, further robust studies with appropriate power are required to define the possible role of these devices in routine monitoring of antiplatelet therapy.
Constraints
As with other diagnostic tests, TEG also has certain limitations. First, the methodology is still not standardized which results into significant intra-and inter-laboratory variability as demonstrated by the TEG-ROTEM Working Group. [21] However, another study by Quarterman et al. showed good reproducibility with citrated samples. [78] The manual pipetting and mixing of reagents and other operator-dependent factors can be responsible for variability in the outcomes of TEG. Second, vibration of surface on which TEG is placed may lead to erroneous results or introduce artifacts. [15, 79] A trained person can differentiate between the accurate TEG result and an artifact arising from various preanalytical or analytical factors [ Figure 8 ]. One should not feel tempted to go with the interpretation of TEG result by the computer which is usually displayed graphically along with probable diagnosis. Third, it has a limited comparability with established plasma-based coagulation assays; however, this is expected as principles of both types of assays are different. With proper training and with daily calibration of device, better results can be obtained. Fourth, citrated blood samples for laboratory-based TEG analysis are required to be rested for a fixed time before analysis which can delay the decision-making during surgery. Furthermore, hypercoagulable tracings from citrated recalcified samples have been reported. However, kaolin-activated citrate samples generate results which are similar to those obtained from noncitrated, fresh samples. [80] Fifth, results are affected by age, gender, hematocrit (hypocoagulable in increased hematocrit and hypercoagulable tracing in decreased hematocrit), [68, 81] platelet count, and infusion of colloids or crystalloid. [6, 53] Mixing of blood with kaolin has been postulated as a critical step responsible for inadequate reproducibility in TEG results. [78] TEG results need to be carefully interpreted in the presence of severe anemia, thrombocytopenia, and hemodilution as these conditions can variably affect the test results. [68] Further, standard TEG is not sensitive to the diagnosis of Von Willebrand disease syndrome and mild disorders of primary hemostasis. [82, 83] Moreover, normal TEG values proposed by the manufacturer may not be appropriate for different populations; thus separate reference ranges should be prepared for males, females, and parturients in the target population. Finally, the increased cost of running multiple tests for a patient, especially for platelet mapping may act a constraint and be partly responsible for making this method out of reach for resource-constrained hospitals.
The diagnosis and management of hemostasis impairment should not be based on a single coagulation test (conventional/viscoelastic test), rather patient's history, physical examination, and results of other laboratory/diagnostic tests are also needed. The user manual for TEG also reiterates that the results from the TEG analyzer should not be the sole basis for a patient diagnosis, and TEG interpretations should be considered along with a clinical assessment of the patient's condition and other coagulation tests.
Conclusion
TEG is useful for a rapid assessment of hemostasis and for goal-directed transfusion/drug therapy in a variety of clinical settings. However, TEG is not a substitute for conventional coagulation assays rather it complements the results of conventional coagulation tests. The handling, maintenance, and quality checks of laboratory equipment come naturally to laboratory personnel. There are compelling reasons for this tool to be adopted by the transfusion medicine specialty as these experts can monitor hemostasis and guide specific hemotherapy along with appropriate dosages of blood components based on TEG results in varied clinical settings.
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